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ABSTRACT 

The  various  phases  of  the  research  program  on  Radio  Direction 
Finding  at  the  University  of  Illinois  are  outlined. 

The  first  part  of  the  program,  noi?  es8ontla3JLjr  coccleted,  con- 
sisted of  a thorough  survey  of  the  literature  on  radio  direction  finding. 

This  part  resulted  in  Technical  Reports  Nos,  1,  2 ar,d  3,  which  are  bibli- 
ographies and  abstracts  of  articles  and  reports  on  all  aspects  of  the  radio 
direction  finding  problem.  As  a result  of  this  survey  several  general  con- 
clusions have  been  drawn. 

1,  A liurgc  propcrtior.  of  the  effort  already  t'X}>ended  on  direction 
finding  has  been  in  dev'ilopins  and  inq^roving  conventional  systems,  rne  proba- 
bility of  radical  improvements  resulting  from  further  work  along  these  same 
lines  is  not  too  great, 

2,  This  does  not  exclude  the  very  good  possibility  that  greatly 
improved  systems  moy  result  from  the  application  of  new  electronic  tech- 
niques, which  make  feasible  cert^n  schemes  once  considered  impractical. 

3,  It  is  noted  that,  with  the  exception  of  techniques  like  dot- 
lock,  which  make  use  of  the  element  of  time,  most  present-day  systems 
extract  no  sere  actual  Information  from  the  incoming  signal  thafi  did  the 
original  rotatable  loop  system. 

The  second  part  of  the  research  program,  now  in  progress,  con- 
sists of  several  theoretical  emd  experimental  projects,  the  need  for  wliich 
was  iiklicated  by  the  survey.  Under  actual  operating  conditions  where 
several  waves  arrive  at  the  receiver  simultaneously  (due  to  scattering 
and  multipath  transmission  phenomena)  the  conventional  direction-finder 
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is  incapable  of  giving  a correct  bearing,  because  it  does  not  obtaS,n  suf- 
ficient information  to  solve  for  all  the  unknonns.  A wave  interference 
study  is  in  progress  to  determine  what  information  is  available,  and  how 
much  information  is  necessary,  in  order  to  resolve  the  component  waves. 

The  expprimental  part  of  this  program  is  concerned  with  the  effects  of 
the  pick-up  antennas  on  the  interference  pattern.  Preliminary  results 
indicate  that  wide-aperture  antenna  systems  (extenc’dng  over  several  wave- 
lengths) are  necessary  for  accurate  separation  of  the  waves.  One  such 
wj de-aperture  system  is  being  investigated.  Detailed  analysis  has  also 
been  made  of  information  obtainable  from  ordinary  crossed-Adcock  (small 
aperture)  systems.  It  is  concluded  that  conventional  sma3,l  aperture 
systems  do  not  utilize  all  the  ir»formation  available.  It  is  shown  that 
>?ith  j^uitable  connections  to  the  antenna  elements,  it  Is  theoretically 
possible  to  obtain  sufficient  inf oi-saation  from  a small  aperture  system 
to  separate  out  two  waves.  Work  continues  to  determine  how  practical 
this  method  might  be.  To  facilitate  this  latter  work  an  antenna  simu- 
lator is  being  built. 

Because  the  "super-gain”  antenna  array  is  one  type  of  small 
aperture  system,  theoretically  capable  of  sufficient  directivity  to  resolve 
the  separate  \<aves,  such  arrays  have  been  investigated.  It  is  shown  that 
due  to  their  extremely  low  effective  radiation  resistance  such  arrays  are 
not  practical  for  direction-finder  use. 

' o V ■ jare  rapidly  the  operation  of  different  types  of  direction- 
finder systems  under  conditions  '.mere  more  than  one  wave  is  present,  the 
D-F  System  Analyzer  has  been  developed.  Sy  feeding  in  voltages  correspond- 
ing to  the  arrival  of  one  or  several  waves  this  device  gives  direct  answers 
as  to  the  relative  accuracy  of  different  systems  under  such  conditions. 
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The  effects  cf  changing  aritenna  aperture,  niomber  of  antenna  elements,  method 
of  detection,  etc.,  can  be  esqplored  rapidly  and  thoroughly,,  so  that  tine- 
consuming  analyses  or  costly  experimental-installations  arc  avoided. 

One  of  the  "new"  d-f  oystoma  being  investigated  is  the  Doppler- 
effect  sjfstem.  Tnia  shews  promise  as  a wide-aperture  system.  Whether  it 
has  defiaite  advantages  over  other  wide-aperture  systems  is  as  yet  unde- 
termined. Its  possibilities  are  to  be  explored  with  the  D-F  3yoti^m  Analy- 
zer. 

A preliminary  study  of  €uj  instantaneous,  wide-aperture  system  is 
being  started.  In  order  to  adequately  display  the  information  received  by 
such  systems,  an  eight-beam  cathode-ray  tube  presentation  system  is  under 
construction. 
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The  purpooo  of  this  report  la  to  evramu’iao  briefly  some  of  the 
cbjeotlvee  end  present  aotlvlties  of  the  radio  direction-finding  researoh 
program  at  the  University  of  Illinois.  The  researoh  program  was  under-'-.akec 
to  investigate  the  basio  problems  of  direoticn-findlng,  with  the  ultimate 
objeotive  of  evolving  a direotion-finder  system  whioh  would  approaoh  more 
olosely  to  the  ideal.  The  "ideal"  direction  finding  system  is  oonsidered 
to  be  one  oapable  of  giving  an  aoourato;  instantaneous  bearing  on  a signal 
of  any  frequency  coming  from  any  direction. 

In  order  to  acquire  the  neoesaary  baokground|.  and  to  avoid  repeat- 
ing work  already  done  elaei^ere.  a thorough  survey  was  made  of  the  literature 
on  direction  finding.  The  great  extant  of  this  literature  (some  UOOO  papers 
and  reports  have  been  recorded)  emphasises  the  fact  that  many  eapable  indi- 
viduals and  organisations  have  already  worked  on  the  problems  of  direotion 
finding.  However,  the  major  portion  of  this  effort  has  beon  applied  to  the 
development  and  Inprovement  of  vdiat  might  be  called  oonventional  systems. 
Because  of  this,  it  is  felt  that  the  probability  of  radical  improvements 
arising  from  further  work  along  these  lines  is  small.  The  best  possibilities 
for  major  advances  seem  to  lie  in  applying  new  eleotrenio  techniques  to  the 
problems,  or  in  determining  and  overooming  certain  fundamental  failings 
common  to  all  oonventional  systems.  In  this  oonneotion  it  is  noted  that  most 
systems,  however  complicated  they  luiy  >-e,  extract  no  more  information  from 
the  oleotromagnetlo  field  than  do  the  simple  orossed-loop  or  orossed-Adoook 
systems. 
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The  several  theoretioal  and  experimental  projects  now  being  worked  | 

on  ara  consistent  with  the  above  oonolusions.  In  actual  operation,  because  | 

of  scattering,  reradiation  euid  multipath  propagation  phenomena,  there  are  j 

I 

I 

usually  several  waves  arriving  at  the  collector  system.  TMder  these  condi-  j 

tlons  the  conventional  radio  direction  finding  system  is  incapable  of  giving 

the  correct  bearing  because  it  does  not  obtain  enough  information  to  solve 

for  all  the  unknowns.  The  problem  then  is  to  detenaine  how  much  information 

is  necessary,  the  type  of  antenna  system  required  to  extract  it,  and  the 

best  methods  of  operating  on  and  presenting  the  information  obtained.  The 

problem  divides  naturally  into  two  parts*  the  first  is  an  electromagnetic 

field  and  antenna  problem;  the  second  is  a circuit  and  systems  problem. 

The  wave  intorforenoe  study  is  concerned  with  the  problems  of  how 
much  information  1s  required  to  separate  the  several  waves,  how  much  can  be 
obtained,  and  what  is  the  optimum  configuration  of  probes  to  obtain  this 
information.  The  results  obtained  so  far  indicate  that  in  the  presence  of 
more  than  one  wave  wl de-aperture  systems  (that  is,  antenna  systems  large  in 
wavelengths)  are  necessary  for  an  aooxurate  iix^ioation  of  direotion  of  arrival. 

For  this  reason  the  major  emphasis  is  being  placed  upon  such  systems.  How- 
ever, because  in  mi;y  applioatlons  wlde-aperture  systems  are  entirely  out  of 
the  question,  the  possibility  of  obtaining  sufficient  information  from  small 
aperture  systems  is  also  being  investigated.  In  this  connection  the  analysis 
of  conventional  systems  has  shown  that,  if  the  proper  steps  are  taken,  addi- 
tional information  osn  be  obtained  from  small  aperture  systems,  sufficient 
(in  theory  at  least)  to  separate  out  two  waves  and  indicate  their  respective 
directions  of  arrival.  Although  the  method  may  prove  impraotioal  in  operation 
it  is  to  bo  tried  out  in  a laboratory  experimental  set-up. 
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One  type  cf  tniail  apet-turo  syotom  which  is  knovm  to  be  capable  of 
resolving  waves  from  different  directions  is  a super-gain  antenna  array, 
ffit}i  such  arrays  it  is  possible,  theovetioally,  to  obtain  arbitrarily  sharp 
directivity  witii  an  axTay  of  given  length,  A study  has  been  made  of  the 
directivity  and  impedance  characteristics  of  several  of  these  arrays.  It  has 
been  found  that  as  soon  as  an  attempt  is  made  to  obtain  high-gain  with  arrays 
of  small  aperture,  the  effective  radiation  reslstanoe  of  the  array  decreases 
rapidly  to  the  point  where  it  booomes  inpraotlcable.  In  a recent  paper*^, 

Chu  has  considered  this  problem  muoh  more  generally  and  has  shown  that  the 
bandwidth  of  such  systems  deoreases  rapidly  to  sero  as  the  aperture  decreases. 

After  collecting  the  information  with  a large  or  aperture 

antenna  system  it  is  necessary  tc  operate  on  it  in  order  to  put  the  informa- 
tion in  a form  suitable  for  presentation.  There  are  a great  many  different 
ways,  both  tried  and  untried,  for  doing  this,  and  the  various  methods  give 
rise  to  different  systems  of  direction  finding.  Although  a separate  analysis 
could  be  carried  through  on  each  system  for  each  of  the  many  combinations  cf 
arriving  waves,  suoh  analyses  are  laborious  and  time-oonsumlng,  and  the 
comparison  of  different  systems  is  difficult.  On  the  otlicr  hand  the  purely 
experimental  approach  in  which  each  system  oonplete  with  antennas  is  set  up 
and  tried  out  in  tho  field  is  costly  and  subject  to  the  difficulties  of  lan- 
known  or  uncontrollable  variables.  To  avoid  the  difficulties  of  both  of  these 
approaches,  the  direction  finding  system  analyser  was  devised.  In  this 
device  the  voltages  which  would  exist  at  tho  terminals  of  tho  antenna  system 
in  the  presence  of  one  or  more  waves  are  oaloulatod,  and  these  voltages. 


♦ L.  J.  chu,  "The  Physical  Limitation  of  Directive  Radiating  Systems", 
presented  at  I.R.E.  National  Convention,  Maroh  1948, 
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obtained  from  an  osoillator  through  appropriate  attenuation  and  phase-shift 
networks,  are  fed  to  the  system  (or  a suitable  model  of  it)  under  tost.  This 
arrangement  makes  possible  the  rapid  exploration  of  the  effeot  of  ohanges  in 
any  of  the  many  variables...  smh  as  antenna  apertinre,  direotion,  magnitude  and 
phase  of  arriving  waves,  different  methods  of  deteotion  and  of  presentation. 

In  its  initial  applloatlon  the  system  analyser  will  be  used  to  explore  the 
operation  of  the  Doppler  Effeot  method  of  direction  finding,  upon  which  a con- 
siderable amount  of  onalyti?”!  vfsrk  has  slrAady  been  done  by  the  group.  In 
particular,  the  performance  of  the  Doppler  Effect  method  under  conditions 
of  more  than  one  wave  arriving  is  to  be  Investigated,  and  oompared  with  that 
of  a Qommon  crossed-Adoock  system. 


< 
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I 'TERATURE  SURVEY 

John  Hirers 
Nicholas  Yaru 


The  first  task  undertaken  by  the  Direction  Fi,nding  Research 
Group  was  a literature  survey,  intended  to  acquaint  the  members  of  the 
group  with  the  radio  direction  finding  problem  and  incidentally  to  gather 
together  a ready  reference  of  all  published  material.  The  first  published 
result  of  this  sum^ey  was  Technical  Report  No.  1,  RLbliograohy  of  Published 
Articles  on  Rfdlo  Direction  dated  June  1,  1947.  This  report  con- 

tained a comprehensive  listing  of  radio  direction  finding  articles  published 
in  this  country  and  throughout  the  world  from  the  early  beginning  of  direc- 
tion finding  to  the  present. 

Technical  Report  No.  2,  Abstracts  of  Published  Articles  on  Radio 
Direction  Findiru?.  dated  Saptember  1,  1947>  contained  abstracts  of  about  450 
of  the  articles  listed  in  the  bibliography:  only  the  articles  considered 
most  important  and  relevant  to  the  gx^oup's  work  were  abstracted.  This 
report  of  abstracts  was  prepared  initially  for  the  group's  use,  but  it 
was  decided  that  the  results  of  the  survey  should  be  made  available  to 
others  working  in  the  field. 

Inasmuch  as  the  wartime  work  in  the  field  of  radio  direction 
finding  was  generally  unavailable  in  the  literature,  and  because  much  of 
the  work  will  never  be  published,  a thorough  searoh  of  resi^arch  files  of 
the  government  and  commercial  concerns  was  undertaken  in  order  to  list  as 
coc^ilately  as  possible  all  written  reports.  This  search  cuLiiinated  in  the 
group's  Technical  Report  No,  3,  a bibliography  of  reports  on  radio  direc- 
tion finding,  dated  February  1,  1948, 
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DIRECTION  FINDING  ON  SIGNALS  CONSISTING 
OF  MORE  THAN  ONE  RAY 

E-.  G.  H&yden 
J.  D.  Gocoh 
R.  H*  DuHamol 

In  a simple  linesurly-polariEed  plane  waTe«  the  wave-fronts,  or 
equlphase  surfaces,  are  perpendloular  to  the  dlreotion  of  propagation. 

Most  of  the  direotion  finding  systems  In  use  at  present  are  designed  to 
determine  the  dlreotion  of  arrival  of  suoh  a wave;  in  most  oases  the  wave 
should  be  vertically  polarised.  The  dlreotion  finder  usually  locates, 
either  directly  or  indirectly,  an  equlphase  surface.  Then  the  direotion 
of  arrival  is  assumed  to  be  perpendicular  to  this  surface.  If  the  arriving 
wave  departs  from  the  ideal  condition,  the  measured  bearings  ere  subject 
» to  error,  the  amount  and  typo  of  error  depending  on  the  particular  system. 

Suoh  departures  from  the  ideal  condition  may,  for  example,  take  the  form 
of{  1)  arrival  of  the  wave  from  an  appreciable  vertical  angle,  2)  rotation 
or  alllptloity  of  polarisation,  3}  multipath  propagation,  or  h)  combina- 
tions of  these. 

In  this  study  wo  are  particularly  interested  in  the  multipath 
phenomena.  There  are  two  aspects  to  the  problem;  1)  determination  of  the 
directions  of  arrival  of  the  rays  at  the  direction  findsr  location  (the 
resolution  of  the  total  field  at  the  direction  finder  into  ooiqjonent  rayr) 
and  2)  location  of  the  trsmsmittor  omitting  the  signal,  taJ:ing  into  account 
the  irregular  paths  traveled  by  the  rays.  For  the  present  we  are  concerned 

* 

with  the  first  portion  of  the  problem, 

- Ilhen  a signal  arrives  at  the  receiving  location  over  a single 

path  it  usually  approximates  a plane  wave.  If,  however,  the  same  signal 
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is  reosivad  ovei*  two  paths  hawing  differont  directions  of  approach  to  the 
receiving  site,  the  equiphaso  surfaces  of  the  combined  field  are  in  general 
neither  plane  nor  perpendicular  to  the  direction  of  arrival  of  either  ray. 

The  presence  of  more  than  two  rays  of  course  further  ocmplioates  the  picture. 
The  basic  problem  in  unscrambling  the  rays  is  to  discover,  for  a 
given  situation,  what  information  is  available  in  the  field,  what  portions 
of  this  information  are  needed  to  determine  the  direction  of  arrival  of 
the  rays,  and  how  to  obtain  this  information  by  actual  measurements.  The 
situation  illustrated  in  Plate  1 will  serve  as  an  example.  This  situation 
is  comparable  to  that  which  exists  when  two  ground -wave  rays  arrive  at  a 
reoeiving  location.  If  the  two  paths  are  stable  (no  fading)  the  combina- 
tion of  the  two  rays  produces  a stiinding  wave  pattern.  The  configuration 
of  the  pattern  depends  on  the  directions  of  arrival  of  the  rays,  their 
relative  an^litudes,  their  poliirisations,  and  their  phase  difference. 

In  Figure  1 of  Plate  1,  the  rays  are  separated  by  an  angle,  2 o<., 
of  30°,  The  X and  y axes  are  chosen  so  that  the  x axis  bisects  the  angle 
between  the  rays  and  so  that  both  rays  have  the  same  phase  at  the  origin. 

The  electric  vector  is  assumed  to  be  perpendicular  to  the  page.  The  loci 
of  the  maxima  and  minima  of  the  standing  wave  pattern  are  shown.  Their 
locations  are  given  by  the  following  equations: 


Uaxi'j.a;  y ■ n X 

g-VIn^ 

Minima;  y » (2n»l)  ^ 

h sin  oC 


Jo,  1,  2. 

(-1,  -2,. 


(O.  1,  2 

“2 


Note  that  the  locations  of  the  maxima  and  minima  depend  only  on  and  ; 
they  are  Independent  of  the  strengths  of  the  rays.  Also  plotted  in  .-'igure  1 
are  the  equiphaso  surfaces  for  three  valuos  of  K (K  is  dei'ined  to  be  the 
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ratio  of  the  strength  of  ray  to  i^?e  strength  of  ray  it’l] . The  equiphase 
surfaoes  shown  in  this  plate  have  the  ssune  phase  as  that  of  the  two  rays  at 
the  origin.  These  surfaoes  may  be  plotted  from  the  following  expression: 

y ■ ” A Aro  tan  tan/^Jti  co  8*^.1  i”  n 

ii  tr  ainoc  V,  7S  JJ 

0 

Pigviro  2 of  Piato  2.  is  similar  to  figure  1,  exoept  that  os  « 22,5 

There  are  several  distinctive  features  about  the  field  patterns 
illustrated  in  this  plate:  1)  the  loci  of  the  minima  (or  maxima)  In  the 

standing  wave  pattern  are  parallel  to  the  biseotor  of  the  angle  between  the 
rays]  this  is  true  regardless  of  the  site  of  the  angle  and  the  relative 
ax^litudes  or  phases  of  the  rays)  2)  the  distance  between  adjacent  minima 
(or  maxima),  measured  in  a direction  perpendioular  to  the  bisector  of  the 
angle  between  the  rays,  depends  on  the  wavelength  of  the  signal  in  spaoe 
and  on  the  angle  between  the  raysj  this  distance  is  equal  to  ^/(2  slnoC), 
and  varies  from  ,A/2  when  the  jrays  are  separated  by  an  angle  of  180®  toward 
infinity  when  the  rays  both  arrive  from  the  same  direotlonj  J)  the 
average",  the  equiphase  surfaoes  are  perpendioular  to  the  stronger  ray;  thus 
the  direction  of  the  stronger  ray  could  be  approximated  by  use  of  an  equiphaae- 
siu'faoe*looatlng  device  having  a wide  enough  aperture  so  that  It  would  give 
the  "average"  direction  of  the  surface,  rather  than  the  direction  at  a 
particular  point. 

The  directions  of  both  rays  can  be  calculated  from  a knowledge 
of  the  wavelength  of  the  signal,  the  distance  between  adjacent  minima,  and 
the  fact  that  the  minima  are  parallel  to  the  bisector  of  the  angle  between 
the  rays.  This  is  not  tha  only  set  of  information  that  can  bo  used  but  is 
one  possibility.  There  of  course  remains  to  be  solved  the  problem  of  ob- 
taining and  presenting  the  information  quickly,  accurately,  and  conveniently. 


J),l,2,. 
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Most  dlreotlon  finders  do  not  obtain,  or  at  least  do  not  use, 
enough  information  from  the  field  to  permit  unsorarabllng  the  rays,  A large 
part  of  our  problem  is  to  discover  hov/  much  and  what  information  must  bo 
obtained  from  the  field  in  order  to  accomplish  this  end,  Ther.  of  course, 
means  of  obtaining  this  information  by  actual  measurement  must  be  worked  out. 

Ono  very  important  aspect  of  this  problem  is  the  question  of  the 
minimum  possible  site  of  a system  which  will  obtain  sufficient,  and  suf- 
ficiently accurate,  information  to  separate  the  rays.  In  other  words,  over 
how  great  an  area  must  measurements  be  made  to  get  the  necessary  data?  VThat 
is  the  smallest  aperture  that  can  be  used? 

Microwave  systems  oan  distinguish  between  two  rays  if  they  are 
separated  by  a large  enough  angle;  the  size  of  the  angle  required  depends 
on  the  beam-width  of  the  antenna  array.  However,  this  teoVniquC’  becomes 
impraotioal,  or  st  least  difficult  and  costly,  at  lower  frequencies  beoa-Jsa 
of  the  large  site  of  the  antenna  system  required  to  give  sufficient  direa- 
tivity.  It  would  be  very  helpful  to  know  whether  it  is  possible  to  build  a 
system  which  does  not  require  as  much  spAce  as  the  type  just  mentioned,  and 
if  so,  the  size  to  which  the  system  oan  be  reduced. 

Work  on  super-gain  antenna  arrays  discussed  elsewhere  in  this 
report  indicates  that  it  is  theoretically  possible  to  get  any  desired  direc- 
tivity from  an  antenna  array  as  small  as  ono  wishes.  This  seems  to  indicate 
that  it  Is  possible,  theoretically  at  least,  to  build  s system  of  high  re- 
solving power  in  a very  small  space.  However,  practical  oonsiderations  place 
a lower  limit  on  the  cite  of  suoh  a system.  Thus,  while  it  seems  to  be 
theoretically  possible  to  build  a system  that  is  as  small  as  desired,  practi- 
cal reasons  (sensitivity,  bandwidth,  limitations  on  the  accuracy  with  which 
quantities  can  be  measured,  etc.)  seem  to  indicate  that  a fairly  large 


aportUTd  may  be  necessary.  One  of  the  problems  to  bo  solved  then,  is  that 
cf  determining  (in  general  if  possible,  but  at  least  for  certain  specific 
systems)  Junt  how  large  the  apertvire  needs  to  bo,  considering  both  the  thoo- 
retioal  and  praotlual  aspects  of  the  situation. 

In  order  to  confirm  theoretical  conclusions  and  to  toot  the  feasi- 
bility of  various  systems  of  obtaining  information  from  the  olootromagnotio 
field,  an  experimental  measuring  system  Ic  being  used. 

One  of  the  difficulties  encountered  in  putting  a proposed  system 
into  pruotioo  is  that  of  the  effect  of  the  6Uitenn<)  or  oolleotor  system  on 
the  fiold.  Current  flowir,g  in  one  portion  of  an  euitenna  system  af foots 
the  field  seen  by  other  parts  of  the  system.  Some  idea  of  the  magnitude  of 
such  effects  can  be  obtained  by  calculation,  but  the  final  proof  must  oome 
from  actual  ope ratio.'  and  testing  of  the  system. 

Liberal  .se  is  beiug  waue  of  the  modeling  techniques  developed  in 
recent  years,  A blook  diagram  of  the  equipment  is  shown  in  Plate  2,  At 
present  a frequency  of  about  3OOO  mos  is  being  used.  If  only  one  horn  is 
excited  a simple  plane  wave  can  be  obtained  at  a sufficiently  large  distance 
from  the  horn.  If  both  horns  are  excited,  an  interference  field  is  obtained. 
The  relative  amplitudes,  phases,  polarizations,  and  directions  of  arrival 
of  the  two  rays  osm  be  controlled.  This  type  of  setup  permits  making 
measurements  on  fields  of  known  oonfiguraticn,  as  well  as  providing  a method 
of  obtaining  a wide  variety  of  configurations. 
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DIRECTION  FINDING  SYSTEM  ANALYZER 

John  IfyvrB 
Robt,  Brunner 
Douglas  Royal 

The  Direotion  Finding  System  Analyser  is  a devioe  designed  ts 
faoilitate  the  rapid  investigation  and  oomparison  of  different  types  of 
direotion-finding  systems,  especially  under  conditions  of  operation  where 
more  than  one  wave  is  present  (e.g.  reradiation,  multi-path  transmission, 
eto, ),  With  the  anaiyEer  the  elootromagnetio  field  and  antenna  ayst-am  are 
replaced  hy  a set  of  terminals  equal  in  number  to  the  antenna  tei'minals. 

To  these  terminals  are  fed  voltages  of  appropriate  magnitude  and  phase  to 
represent  the  arrival  of  one  or  several  waves  at  tho  antenna  system,  Con- 
naotions  are  made  from  these  terminals  to  the  direotion  finding  system  (or 
a suitable  model  of  it)  under  teat. 

This  method  possesses  several  very  real  advantages  over  both  the 
straight  onelytical  and  the  straight  experimental  approaches.  The  analytical 
approach  con  be  carried  through  for  certain  idealised  oases  but  the  analyses 
are  involved  aod  tiiuS-oonsuming  so  that  a oomplete  exploration  of  all  the 
variables  is  not  possible.  The  purely  experimental  approach  in  which  the 
system  (complete  with  antennas)  is  set  up  in  the  field  is  also  a long  job, 
and  for  the  larger  systems,  a costly  one  as  well.  In  addition,  there  are 
unknown  variables,  such  as  reradiation  and  stray  reflections,  over  which  the 
experimenter  has  little  or  no  oontrol.  This  is  a serious  disadvantage  when 
the  objective  is  the  oomparison  of  systems  under  prescribed  conditions. 
Because  of  the  rapidity  with  which  measurements  can  be  made  under  controlled 
conditions  it  is  believe!  that  the  Arialyxer  will  prove  a powerful  tool  in 
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appraising  the  va<:ue  of  new  systems  and  comparing  them  with  conventional 
systems . 

In  the  Direction  Finding  System  Analyser  the  voltages  at  the 
antenna  terminals  of  any  arbitrary  dlreotlon  finding  system  are  simulated 
by  generating  appropriate  voltages  to  correspond  to  any  number  of  arriving 
waves  and  any  number  of  pickup  points,  €ind  mixing  them  in  a suitable  manner. 
These  resultant  voltages  ore  then  available  for  introduction  into  any  radio 
dirsGtlon  finding  Indloatlng  system  for  presentation.  Provisions  have  been 
made  for  Introduoing  the  voltages  into  the  DAK  direction  finding  system  for 
presentation  in  the  "propeller  pattern";  also,  an  electronio  switching  oir- 
ouit  has  been  o''netru3ted  for  analysing  the  data  obtained  in  a Doppler  Effeot 
direction  finding  system.  The  oonoelvable  methods  for  analysing  the  dsta 
are  many  and  are  not  limited  by  the  presentation  methods  herein  desoribed. 

In  applying  the  Analyser  to  the  analysis  of  a single  eleotromag- 
netlo  wave,  it  is  necessary  only  to  compute  the  phase  of  the  voltages  at  the 
various  pickup  points.  This  is  a simple  sot  of  oaloulations.  This  informa- 
tion is  then  Intrcduoed  into  the  Analyser  by  setting  a calibrated  dial  to 
the  required  phase  and  another  dial  to  the  required  amplitude.  By  making 
settings  corresponding  to  many  directions-of-arrival  of  the  arriving  waves, 
and  further  settings  corresponding  to  many  time  phases  of  the  arriving  waves, 
oomplete  data  on  the  effects  of  more  than  one  signal  at  the  oolleotor  system 
of  the  direction  finding  may  be  gathered.  This  will  show  the  effects  of 
known  changes  in  the  arriving  waves,  changes  vd'iloh  in  experlmontal  measure- 
ments ore  sometimes  difficult  to  obtain  and  to  isolate  from  undeaired 
changes.  It  is  expected  that  the  time  required  for  analysis  of  any  giv»n 
dirccticn  finding  system  will  be  reduced  by  a large  factor. 


- 16  - 


The  Ana?y«er  aa  being  built  operates  at  175  Jco*»  where  it  is  rela- 
tively a sinple  matter  to  obtain  known  phase  shifts.  By  scaling  donia  to 
this  frequency,  the  Analyser  in  effect  is  a model  on  idiioh  measwenienta  are 
made  at  frequenoies  with  vdiich  it  is  easy  to  work.  In  a Doppler  radio  direc- 
tion finding  system,  for  example,  the  switching  (or  rotating)  rate  of  the 
antenna  elements  would  be  scaled  down  by  the  same  factor  as  the  carrier  fre- 
quency in  order  to  retain  in  the  Analyser  the  same  ratio  between  these 
frequenoies. 


By  introducing  suitable  dial  settings,  it  will  be  possible  to 
investigate  quantitatively  the  effect  of  collector  aperture  on  error.  Present 
evidence  seems  to  indicate  that  oolleotor  arrays  large  in  wavelength  are 
better  able  to  take  accurate  bearings  than  those  of  small  aperture*  the 
Analyser  offers  on  easy  way  to  investigate  this  variable. 

In  Plato  U there  is  shown  piotorially  the  phase  differenoe  of 
received  voltages  at  the  terminals  of  a ii-eleroent  antenna  array  in  the  field 
of  an  e,m,  wave;  the  charts  beneath  the  figure  give  the  phase  of  the  imping- 
ing wave  for  different  angle s-of-arrival  and  different  apertures,  whore 
phases  are  referred  to  the  center  of  the  array, 

A rear  view  of  the  Analyser  is  shown  in  Plate  5*  Plates  5*  6,  7» 
and  8 ore  block  diagrams  of  the  Direction  Finding  System  Analyser  as  being 
constructed.  In  Plate  5 is  shown  the  175  signal  generators,  which  origi- 
nate the  signal  operated  on  by  the  phase  shifters.  Provisions  have  boon 
mads  to  use  either  a orystal-oontrollod  frequency  source,  necessary  for 
Doppler  measurements,  or  a variable  frequency  oscillator,  which  is  convenient 
if  the  simulated  voltages  ore  to  be  applied  to  the  indicator  of  on  existing 
dirootion  finder.  The  DAK  direction  finding  system  has  an  l,f,  frequency  of 
175  ko;  so  will  bo  possible  to  tune  the  v.f, o,  to  exaot  resonance  with 
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the  l.f.  ohannol. 

The  phase  shifters  and  amplitude  controls  Ininedlatoly  following 
the  oscillators  give  the  operator  control  over  the  apparent  time-phase  of 
the  arriving  signals.  If  the  arriving  waves  take  uiffsrsr.t  paths  in  arriv- 
ing at  the  oolleotor,  in  general  there  will  be  an  arbitrary  phase  difference 
between  them  corresponding  to  the  difference  in  path  length.  There  ore 
shown  two  branches,  with  outputs  A and  Bj  these  provide  two  separate  channels 
simulating  the  arrival  of  two  signals  from  the  same  source.  There  is  no 
reason  why  there  could  not  be  an  indefinite  nisnber  of  branches  simulating 
the  arrival  of  a like  number  of  signals]  but  it  was  considered  sufficient 
to  provide  for  the  simulation  of  tso  arriving  waves,  at  least  for  the  first 
model  of  the  Analyser.  The  mechanical  construction  and  electrical  ooimeo- 
tions  are  such  that  additional  channels  may  be  added  as  doaired. 

The  outputs  A and  B are  fed  into  two  identical  channels,  shown  in 
Plate  6.  These  phase  shifters,  labeled  Space  Phase  Shifters,  allov/  the 
operator  to  adjust  individually  the  phases  of  the  voltages  corresponding  to 
eight  separate  piok-up  points  reoeiving  simultaneously  two  waves.  For  an 
Adcock  system,  only  four  of  the  available  piok-up  points  will  be  used]  for 
the  Doppler  systom,  however,  all  eight  will  be  used,  and  it  is  likely  that 
eight  additional  points  '.Till  bo  provided.  The  bank  of  phase  shifters  fed 
by  channel  A ore  identical  to  those  for  ohannel  B.  The  outputs  of  the  indi- 
vidual phase  shifters  ore  then  combined  in  poirs  (one  signal  from  A and  one 
from  B)  and  the  resultant  outputs  supplied  to  terminals  labeled  D^,  D2, ..... 
D0.  At  these  terminals  there  appear  the  voltages  vdiloh  simulate  t-.-  voltages 
appearing  at  eight  antennas  in  an  e.m.  field  consisting  of  two  arriving 
signals  of  erbitreiry  direction,  phase,  and  amplitude,  with  arbitrary  looation 
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of  the  antanna  elemonts, 

Plate  7 shows  tho  block  diaeram  of  the  oirouits  used  for  applying 
the  voltages  to  the  DAK  direotion  finding  system.  The  inputs  Dg,  D^, 
and  D|  ooming  from  the  phase  shifters  in  Plato  6 are  oomblnod  differentially 
to  give  a pair  of  output  voltagos  equivalent  to  the  voltages  appearing  at 
the  output  torminals  of  the  orossed-loops  of  tho  DAK,  This  pair  of  equivalent 
voltagos  is  thsn  fed  into  the  goniometer  of  the  DAK  and  indioation  aooom- 
plishod  in  tho  conventional  manner.  Provisions  are  made  to  provide  by  means 
of  a switch  any  of  three  pairs  of  voltage  to  the  indicatori  Position  1 of 
the  switch,  shown  in  Plate  7»  allows  the  operator  to  see  the  bearing  of  one 
of  tho  arriving  signals,  say,  the  desired  or  main  signal;  Position  2 all'ows 
tho  operator  to  display  tho  oombinaticn  or  apparent  bearing  caused  by  the 
presence  of  two  arriving  signals;  and  Position  5 provides  for  displaying 
tho  bearings  of  the  undosirod  or  interfering  signal. 

Display  of  the  Dopplor  direction  finding  system,  dosoribed  else- 
where in  this  report,  is  shown  in  block  form  in  Plate  8,  The  outputs  Dj^, 

Cg, Dg  &re  applied  to  tho  grids  of  mixer  tubes  which  ore  gated  by  a 

suitable  ring  counter,  and  tho  output  is  taken  off  of  tho  common  plate 
impodanoo  of  the  mixer  tubos.  The  ring  counter  is  flrod  oyolioally  by  on 
6000  cycle  audio  voltsge,  peaked  suitably  for  firing  the  gas  tubes  of  the 
oounter.  Thus,  voltages  oorreapending  to  the  eight  individual  piok-up  points 
are  ohannoled  sequentially,  with  a repetition  rate  of  1000  cycles,  into  a 
oomnon  channel;  oaoh  of  the  eight  signals  is  gated  for  only  one-oighth  of 
the  repetition  intejnra?i  inasmuch  as  the  eight  sheiro  equally  in  time  tho 
repetition  interval.  After  being  ollppod  to  remove  switching  transients, 
this  complex  waveform  is  fed  into  a phase  detector,  dosoribed  elsewhere  in 
this  report. 
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The  output  of  the  phaso  detector  is  an  audio  wave  with  a fundamen- 


tal frequency  equal  to  the  repetition  frequonoy  (1000  cj-t>ios)  of  the  ring 
counter.  In  general,  thie  wave  will  be  o.  distorted  sine  wave;  so  it  is 
applied  to  a 1000  oyola  band-pass  filter,  the  output  of  which  is  then  a pure 
1000  cycle  sine  wave.  This  sine  vrave  is  peaked  and  used  to  drive  a delay 
multivibrator  whose  delay  is  adjustable  over  about  1-1/li  of  the  repetition 
period.  The  output  of  the  multivibrator  is  differentiated  and  clipped,  and 
the  resultant  voltage  is  a positive  pulse  of  short  duration,  say,  10  micro- 
soconds.  This  pulse  is  used  to  intensify  a cathode-ray  tube,  which  normally 
is  adjusted  so  that  the  circular  sweep  is  black. 

Four  of  the  pulses  from  tho  ring  counter  output  ore  mixed  together 
to  form  one  square  wave  of  a fundamental  frequency  of  iOOO  ryolosj  this  square 
wave  is  applied  to  a 1000  ko,  band-pass  filter  to  extract  the  fundamental 
component.  The  pure  lO'JO  cycle  wave  is  put  through  a 90°  phase  shifter; 
there  then  is  available  a pair  of  1000  cycle  quadrature  voltages  which  are 
used  to  generate  a circular  swoop  on  the  oathodo-ray  tube  rsonttened  above. 

The  screen  of  the  cathode-ray  tube  is  blaok  except  when  the  tube  is  intensi- 
fied by  the  pulse  generated  as  explained  above,  Tho  position  of  tho  spot 
on  tho  tube  is  an  indioatlon  of  the  phase  difference  between  tho  1000  cycle 
wave  from  the  phase  detector  and  the  1000  cycle  voltage  which  generates 
the  sweep.  This  phase  difference  is  a direct  measure  of  the  angle-of-arrival 
of  tho  e.m,  wave  at  the  antenna  collootor,  Tho  delay  multivibrator  previously 
mentioned  allows  the  spot  to  bo  zerood  to  correspond  to  zero  direotion-of- 
orrival,  A movable  cursor  will  allow  the  apparent  direotion-of-arrival  to 
be  read  off  directly  in  degrees. 

In  applying  the  Analyzer  to  tho  aruilysis  of  a given  direction 
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finding  system,  a chart  of  phasa  shifter  dial  settings  will  be  required  for 
setting  up  the  system  to  simulate  the  desired  antenna  oonfiguraticn  and 
arriving  wave  directions.  BonOver,  as  indioated  before,  tho  oaloulations 
are  quite  simple]  oaloulations  for  any  directlon-of-eurrival  and  any  antenna 
aperture  may  be  made  rapidly  and  will  serve  as  permanent  data  for  setting  up 
the  Analyzer.  Compared  to  a possible  time  of,  say,  weeks  for  obtaining 
experimental  or  onalytioal  data  from  an  actual  direction  finding  system, 
the  Analyzer  should  reduoe  the  amount  of  time  and  work  required  for  a given 
analysis  by  possibly  a factor  of  50.  And  further,  any  proposed  direction 
finding  system  may  be  set  up  simply  by  setting  dials;  no  oostly  oonstruotlon 
of  a complete  direction  finding  system  should  be  necessary.  The  Analyzer 
is  potentially  a velxmblo  instrument  for  tho  study  of  direction  finding 

■ errors. 
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ELECTRONIC  PRESB»rrATION  OF  DATA 

John  Hyers 
Robert  Brunner 

In  order  to  display  adequately  the  large  aoount  of  information  that 
It  Is  necessary  to  extract  from  the  various  systems  to  be  investigated,  an 
eight-gun  cathode-ray  presentation  system  is  being  constructed.  The  deflec- 
tion ampUflera  have  been  designed  to  have  a band  width  of  about  tm  mega- 
cycles. Because  of  the  size  of  the  tube  and  the  many  terminals  around  the 
periphery  at  the  base  (see  Plate  9}«  the  aapUflers  are  being  constructed  In 
a novel  manner:  the  amplifiers  for  each  of  the  eight  seti»  of  deflection 

plates  and  grids  arc  Identical,  electrically  mochanleally,  and  are  built 
in  a tvirret  arrangement  around  the  neck  of  the  tube. 

It  Is  63q)6ctod  that  this  multi-gun  tube  will  be  of  considerable  use 
in  an  investigation  of  Instantaneous  presentation  methods  because  the  eight— 
guns  will  allow  the  aimultaneous  comparison  of  the  phases  of  eight  or  more 
voltages. 
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DOPPLER  EFFECT  RADIO  DIRECTION  FINDER 

Licnel  Boulet 
John  Andorscn 

To  determine  direction  of  arrival  of  a radio  nave  the  Doppler 
direction  finder  makae  use  of  the  change  in  received  frequency  nhich  occura 
when  an  antenna  ovsvea  in  eoiiie  prescribed  path.  • Hhen  the  antenna  moves 
toward  the  transmitting  source,  the  i*ecelved  frequency  Increases,  and  it 

frequency  is  a f - f — , where  v is  the  component  of  velocity  of  the  antenna 

c 

in  the  direction  of  propagation  of  the  wave,  f is  the  carrier  frequency, 
and  c is  the  velocity  of  light. 

For  a single  vertical  antenna  rotating  about  a vertical  axis,  the 
received  wava  has  the  form, 

C ■ A cos  I^Wgt  cos 
an  Illustrated  In  Plate  10,  Figure  1,  where 

,',i  3 angular  velocity  of  the  received  wave, 

-c 

- wavelength  of  the  same  wave.  > 

iTd  - distance  between  antenna  and  the  axis  of  rotation 
> expi^aasd  in  radians. 

angular  velocity  of  the  rotating  antenna. 

Q - angle  of  arrival  of  the  radio  wave. 

fQ.th  a mechanically  rotated  element  the  frequency  deviation  of 

the  received  wave  is  too  small  at  any  practical  rotational  frequency  and 

value  of  d.  Therefore  a set  of  fixed  antennas  with  high-speed  electronic 

switching  from  antenna  to  antenna  must  be  conalder-od. 
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Tho  case  of  a linear  array  of  fixed  antennas  comniutated  in  sue- 


cession  vfas  conaidared  (see  Plate  10,  Figure  2),  The  resulting  magnitude 


of  Doppler  frequency  change  is  an  indication  of  the  angle-of -arrival  of 


the  v/ave.  Because  the  frequency  change  is  the  same  for  waves  arriving  at 


the  same  angle  tc,  but  on  opposite  sides  of  the  axis  of  the  array,  there 


is  an  ambiguity  of  the  bearing.  This  ambiguity  can  be  eliminated  by  using 


another  line  of  antenna  perpendicular  to  the  first. 


An  alternative  arrangement  is  a circular  array  of  fixed  antennas 
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blems  in  detection  inasmuch  as  ulacreta  jumps  in  phase  cause  accompanying 


infinite  frequency  changes.  To  alleviate  this,  a lav;  of  coupling  to  the 


antennas  v;as  studied.  Though  it  seems  impossible  in  the  light  of  recent 


woric  to  find  a law  tnat  will  not  depend  on  the  received  frequency  and  ap«r-= 


ture  of  the  system,  a linear  law  of  coupling  was  found  to  give  a close 


approximation  to  the.  sinusoidal  variation  of  phase  and  ;:'requency  obtained 


in  the  case  of  the  single  rotating  antenna. 


Law  of  Gouplinf 


Consider  two  elements  in  a circular  array  of  fixed  antennas.  Call 


one  element  the  ”nth"  element  and  the  next,  the  "(n-t-  l)th"  element.  It  is 


desired  to  find  the  law  of  coupling  as  switching  is  completed  betoeen  the 


tv7o  ahtoniias  such  that  the  voltage  output  vdll  have  a sinusoidal  vardation 


of  phase.  Let  the  voltage  received  by  the  "nth"  antenna  be: 


cos  lx)t+  2.^r.  cos^^  - 2l!lXxiBl^|and  by  the  "(n  +■  l)th"  antenna  be: 
cos  [uj  t cosj^  - ■ where  the  notation  is  the  same  as 

foi’  Plate  ?J2,  Figure  1,  The  addition  of  these  tvro  voltages,  with  the  appro- 


priate law  of  coupling,  would  be  required  to  talce  the  form: 


A cos  [«-  cos  (0  ~ 2 "nr at) 


• -r^'  1. 


Q(t)  ooi^u,  t 25^  cos  [e  - «TT(n  - D]  \ 

H(t)  cos|u'  tt-a^f,  cos£©  - 
= A cos/mJ  t 2^^cos(^  -2ffat) 

Analjrzlng  G(t)  and  H(t),  using  calculus  of  variations,  ire  arrive 
at  the  conclusion  that  there  can  be  no  general  lav;  of  coupling  to  give  the 
desired  phase  variation  vdiich  does  not  specif 7 a change  in  the  angle  zjL 

1C 

betvTeer.  antennas  rdiich  was  assumed  fixed*  Kowever,  linear  coupling,  pro- 
vided  there  are  not  less  then  eight  antennas  in  the  arra7^  gives  a close 
approximation  to  a sinusoidal  variation* 

Interference  Phase  Pattern 

A detailed  analysis  of  the  effects  of  an  interfering  wave  on  the 
envelope  of  desired  phase  variations  is  to  be  presented  in  a later  report* 

The  results  for  a single  rotating  antenna  or  its  e.lf'ctronic  eq*iivalent  can 
be  stated  briefly* 

Designating  the  phase  variation  (see  Plate  12,  Figure  2)  by  , 
it  is  foiund  to  be  composed  of  an  original  desired  function  and  a series  of 
ei*ror  functions,  taking  the  formt 

aMJt-1^  COS  Wj^t+oCsinp^  - sin  2yJ-f^-_  sin  etc* 

where  cr^  ■ is  the  ratio  of  &’^litudes  of  the  undesired  and  desired  signals 

e. 


OUi  - rotational  angular  velocity 

0 ^ ^^1^  " - cos 

0 s angle  between  line  of  arrival  of  e and  e 

1 2 

and  ^ - random  phase  between  e^  ®1 
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0,  then^  = UJ  t coa  Vi  as  nould  be  osq^ected.  If  ^ 

is  small,  the  error,  designated^  e,  depends  onJor  upon^  and<^,. 

sin  2^4*  etc* 

Cui^s  shovdng  the  effect  of  varying  the  quantities  that  charac- 
*,eri7.e  the  interfering  signal  have  bean  plotted,  and  a cross  section  of  these 
curves  has  been  included  in  this  report,  Plate  21  gives  a plot  of  the  error 
function, 

^ e « ^ sin^  204  sin  3^  -+•-  etc. 

as  0 varies  from  0^  to  360*^»  It  shons  the  mfl-rimnm  phase  error  (not  to  bs 


confused  vdLth  bearing  error)  possible  with  different  values 


‘,  and  pro- 


vides a working  curve  used  in  plotting  the  remaining  curves.  Plates  22 
through  25  give  the  wtual  phase  variation  of  signal  induced  in  the  rotating 
antenna,  plotted  agtdnst  position  around  the  circle.  The  parameters  ^ 
and^  and^,  are  chosen  to  shovf  clearly  the  effect  of  different  sise 
apertures  on  the  phase  variation.  In  each  case  the  phase  variation  in 
absence  of  the  interfering  signal  is  shown  by  the  dotted  curve.  It  will  be 
obsei*ved  that  for  an  ititerfering  \7ave  having  an  amplitude  equal  to  one-half 
that  of  the  desired  vrave  a ,5)  the  phase  error  can  be  as  much  as  30°, 
For  the  narrow  aperture  system,  that  is  a 45°  (radius  ■ ^8),  the 

maximum  phase  deviation  is  only  90°  so  a phase  error  of  30°  can  and  will 
produce  a fairly  large  bearing  error  as  shorm  in  plates  22  throu^  25 
(cuiTres  C),  For  a wide  aperture  system,  say  radius  * 5^  > the  maximum 
phase  error  remad  ns  at  30°  for<y  ».,5  but  the  maximum  deviation  is  new  1800° 
so  the  effect  of  the  interference  (that  is,  the  error)  is  negligible  in.  this 
case.  This  discriraJ nation  ogai.nst  the  undesired  wave  is  exactly  analogous 


to  the  discrimination  against  an  interfering  signal  which  occurs  in  vdde- 


• 


band  frpquency  modulation  systems.  It  should  be  noted  that  the  icqjroveoent 
Is  even  better  than  is  indicated  by  the  ratio  of  phase  erz*or  to  maximum 
pheise  deviation,  because  the  phase  enror  shovrs  up  as  a hi^-frequency  ripple 
superimposed  upon  the  sinusoidal  variation,  and  this  ripple  can  be  filtered 
out  after  detection.  Plate  26  shous  hor?  the  frequency  of  e increases 
Td.th  aperture,  but  its  amplitude  remains  constant. 

Eciuipment  is  under  construction  to  verify  these  rtioults  experi~ 
raentaUy,  and  to  explore  the  capabilities  of  the  system  in  operation. 
Essarimental 

Described  elsewhere  in  this  report  is  equlpmenu  used  for  antenna 
simulation  by  electronic  moans.  With  the  aid  of  this  equipmeut,  it  is  pro- 
posed to  simulate  a fixed-antenna,  Doppler  type  direction  finder,  making 
possible  a test  of  the  theoretical  conclusions  obtained. 

Large  aperture  systems,  which  induce  site  error,  are  of  main 
Interest,  and  this  experimental  method  seems  to  offer  a means  for  fast  and 
accurate  verification.  The  reception  and  detection  of  this  phase-modulated 
wave  \7ill  give  a chance  to  study  axperiaentally  different  types  of  phase 
discrimination  and  methods  of  presentation. 
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VIII 

ANALYSIS  OP  EXISTING  RADIO  DIRECTION 
FINDING  SYSTEH3 

Robert  Annie 

Harry  Vllllains  ‘ 

One  of  the  immediate  results  of  the  literature  surrey  was  the 
realisation  of  the  existence  of  a large  number  of  radio  direction  finder 
systems.  Although  no  consistent  classification  of  these  systems  has  been 
found,  some  of  the  more  commonly  used  radio  direction  finders  are  the 
following i 

(a)  Automatic  bearing  indicator  system 

(b)  Manually  rotated  loop  system 

(o)  Manually  rotated  goniometer  system 

fd  1 Ele vated-H  aystem 

(e)  Watson*Watt  or  Twin-Chanr-f-l,  Cathode-Ray  Indicator  system 

(f)  Spaced-loop  «yst-3m 

(g)  Null-seeking  system 

(h)  Visual  Matched-line  system 

Under  the  ideal  conditions  of  a single,  rortioally  polarised 
wave  arriving  at  the  collector  of  the  radio  direction  finder;  each  of 
the  above  types  will  give  the  true  bearing  of  the  wave,  Uhder  actual 
conditions,  where  multipath  transmission  may  result  in  more  than  one 
wave  oomponent  arriving  with  random  polarisation  at  the  antenna  system 
each  of  the  above  systems  is  subject  to  bearing  error  and  blvu'.  The 
merits  and  demerits  of  ea«h  system  are  known  and  have  been  covered  in 
the  literature;  however,  in  this  connection  it  v/as  noted  that  very  little 
analytical  study  had  been  mede  of  the  behavior  of  the  above  systems  under  con- 
ditions of  more  than  one  wave  arriving  at  the  antenna.  It  seemed  in  order, 
therefore,  to  investigate  the  behavior  of  existing  radio  direction  finders 
under  this  condition. 

A mathejuatioal  analysis  is  being  made  of  the  olass  of  radio  direo- 


I 
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tion  finders  which  functions  by  virtue  of  the  rotation  of  the  antenna  pattern. 
This  rotation  nay  be  affected  either  by  the  nachanical  rotation  of  a Iccp, 
Adcock,  crossed  loop,  crossed  Adcock,  or  c.ro3sod— H antenna  system  respectively, 
or  by  the  mechanical  rotation  of  the  search  coil  of  a goniometer  suitably  con- 
nected to  a crossed  antenna  system  of  one  of  the  above  systems.  The ‘ automatic 
bearing  indicator  type  cf  radio  direction  finder  is  of  this  class. 

The  initial  analysis  is  based  upon  the  idealized  condition  of  radio 
direction  finding,  i.e.,  a single,  vertically  polarized,  wave  arriving  at  the 
antenna  system. 

Since,  for  this  class  of  radio  direction  finder,  the  electrical  out- 
put of  the  antenna  system  or  goniometer  is  eventually  demodulated  before  ex- 
tracting the  directional  information,  the  results  of  the  analysis  are  presented 
in  terms  cf  amplitude,  phase  arid  frequency  dstecticn  rospoctivel.y.  Generalized 
famiiios  of  curves  show  bearing  ctro'r,  blur,  effect  of  sense,  and  balance 
voltage,  respectively,  as  a function  of  angular  displacement  of  the  rotating 
elements  for  each  type  of  detection.  Apprc’Xinatoly  50  pages  of  curves  con- 
stitute the  body  of  this  analysis.  The  curves  have  a very  broad  application 
in  that  they  provide  a method  of  evaluating  the  above  class  of  radio  direction 
finders. 

The  second  phase  of  this  study  is  an  extension  of  the  analysis  to 
iiiftlude  the  case  of  the  simultaneous  arrival  of  two  signals  of  the  same  fre- 
quonr.y  but  vdth  differing  annii.t.nrtR^  T.irae  phase  and  space  phAsn  (azimuth). 

Approximately  25  families  of  generalized  curves  have  been  calculated 
for  this  case.  The  curves  show  relative  amplitude,  blur,  and  bearing  error  for 
varying  amounts  of  time  phase,  space  phase,  and  jinplitudo  difference 

Certain  conclusions  (some  already  known)  have  been  obtained  from  theee 
analyses.  A summary  cf  the  more  important  conclusions  foUovjs: 
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1.  The  electrical  output  of  the  rotating  antenna  system  or  rotat- 
ing goniometer  consists  of  two  side  frequencies  with  the  carrier  suppressed* 

2*  'Ine  side-frequency  (carrier  frequency  t oschanlcal  rotational 
frequency)  components  can  have  ar\y  relative  amplitude* 

3*  Addition  of  the  sense  or  balance  voltage  to  the  above  electri- 
cal output  corresponds  to  a reinsertion  of  the  carrier  frequency  voltage  com- 
ponent* It  ie  sho^m  that  the  insertion  of  a sense  voltage  gives  an  aiii^litudo 
modulated  resultant,  and  the  insertion  of  a balance  voltage  gives  a phase 
modulated  resvJLtant* 

4*  If  the  spacing  of  the  elements  in  the  antenna  array  or  collec- 
tor system  is  any  appreciable  part  of  a v/avclength,  integral  harmonica  of  the 
rotational  frequency  arc  also  present*  Using  a Bessel's  function  e^q^ansion, 
it  is  shovm  that  the  spacLng  or  oetantel  crs*or  is  produced  by  the  odd  har- 
monica of  the  rotational  frequency  (any  antenna  pattern  satisfying  the 
Dirichlet  conditions  can  be  represented  by  a Fourier  Series  ejqjansion  of 
sine  and  cosine  terms  having  fundamental  and  harmonic  arguments  of  the  rota- 
tion frequency) . 

5*  Breuninger^  has  shown  that  the  spacing  error  of  the  conven- 
tional Adcock  System  may  be  reduced  by  the  use  of  more  antenna  elements  In 
the  array  - 8 elements  were  given  as  a practical  coeq^romise  * 

6*  Under  the  condition  of  the  simultaneous  arrival  of  two  waves  oi 
arbitrary  amplitude,  azimuth,  and  time  phase,  this  class  of  radio  direction 
find'' *'8  is  subject  to  bearing  errors  of  90°  and  blur  up  to  100^,  A recon- 
nection of  the  antenna  elements  to  give  a dii'ferent  antenna  pattern  in  general 
yields  different  amounts  of  blur  and  bearing  error  for  the  same  condition  of 

* Breuninger,  H*  W*j  Brauchbarkeitsgr-enzen  des  imast-Adcook-Peilers 

Hochfrequenvtechnik  Feoruary  1942,  p.  50, 
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arriving  waves. 

7.^  This  last  fast  suggests  and  provides  a means  of  separating  two 
interfering  signals.  Thus  by  using  an  eight  mast  Adoook  oonneotion  and  then 
a suitable  reconnection  of  antenna  elements  to  obtain  the  second  harmonic  an* 
tenna  pattern,  there  is  obtained  a set  of  readings  consisting  of  two  bearing 
indications  and  two  blur  Indications.  It  is  then  possible  through  the  medivsi 
of  the  families  of  generalised  curves  to  determine  the  bearing  of  each  of  the 
interfering  signals.  Under  some  oonditione  the  resolution  may  be  poor  and 
if  there  are  more  than  two  waves,  it  beoomes  necessary  to  use  additional  har- 
monlo  anterjia  patterns  to  separate  the  signals.  However,  by  oompa:ring  the 
bearing?  cbtalaod  with  the  several  possible  antenna  oonnections,  sqisie  indica- 
tion of  the  probable  magnitikle  of  error  is  obtained. 

In  order  to  investigate  the  feasibility  of  the  operation  of  a prao- 
tloal  direction  finder  in  manner  of  the  above,  an  antenna  pattern  simulator 
has  been  designed  and  is  currently  being  oor.struotod.  Initially,  this  device 
will  function  in  the  audio  frequensy  range. 

In  this  frequency  range  there  sure  readily  available  simple  and  ao- 
ourate  means  for  the  generation,  oontrol,  and  measurement  of  the  amplitude 
and  phase,  respeotlvely,  of  several  voltages  of  a desired  frequency.  It  is 
hoped  this  deivoo  will  Indioate  in  a quantitative  manner  what  oan  be  done  to 
improve  the  bearing  aocuraoy  of  existing  radio  direction  finding  systems. 

Plate  13  shows  the  block  diagram  of  the  antenna  pattern  simulator, 
assembly  of  whioh  has  been  oompleted.  Plates  li^,  ly  and  16  show  block  dia- 
grams of  several  existing  radio  dlreetloa  finding  systems  •mhioh  will  be 
evaluated  by  this  devioe. 

To , illustrate  more  ooaoretely  the  procedure  for  determining  the 
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raspeotive  dirootious  of  arrival  of  two  interferins  signals,  the  method  out- 
lined under  oonolusion  seven  above  Trdll  be  indicated.  For  the  case  to  be 
oonsldered,  each  of  the  interferlzig  signalti  is  assumed  to  be  vertically  pola- 
rized with  respect  to  the  ground  plane  of  ';ho  radio  direction  finder*  Saoh 
signal  may  have  arbitrary  asqplitude,  space  phase,  and  tine  phase.  The  oolleo- 
tor  system  is  composed  of  eight  vertioal  antennas  equally  spaced  around  the 
periphery  of  a circle.  A sense  antenna  may  be  placed  at  the  center  of  the 
array.  Proviaicn  is  made  for  the  connection  of  the  antenna  elements  as  a 
orossed-Adoock  array  and  again  as  an  array  producing  a quadrifolium  antenna 
pattern.  The  former  connection  will  be  indicated  as  the  fundamental  antenna 
array,  the  latter  connection  will  be  indicated  as  the  second-harmoais  antenna 
array, 

< Certain  symbols  are  defined  as  follows t 

K a gain  of  the  sense  antenna  and  associated  circuit. 

h 

s gain  of  the  Adoock-oonnooted  antoima  array  and  associated 
circuit, 

K a gain  of  the  second-harmonic  antenna  array  and  associated 
circuits. 

m field  strength  of  stronger  signal. 

Eg  “ field  strength  of  weaker  signal. 

^ ?s6vltaat  instantaneous  voltage  output  of  the  sense  antenna  and 
associated  circuit, 

Cj  ■ resi;ltant  instantaneous  voltage  output  of  the  fii^dsmontsl 
ant«inna  array  and  annc'iited  oiroult. 

Og  »'  resultant  instantaneous  voltage  output  of  the  second  harmon:lo 
array  and  nssooiated  oiroult, 

h *•  a numerxo  ra^xo  equal  to  or  loos  thiun  unity. 

* CL 

» angular  sotting  of  the  goniometer  search  coil. 

« space  phase  angle  between  the  reference  axis  and  the  direction 
of  arrival  of  tlie  stronger  signal. 


- 52  - 


■ sp&oe  phase  angle  between  the  stronger  and  the  weaker  signal. 

m time  phase  angle  between  the  stronger  and  the  weaker  signal. 

Expressions  for  the  resultant  instantaneous  voltage  output  of  the 

sense  antenna,  fundamental  antenna  array,  and  seoond  hsunnonio  array,  respeo- 

tively,  have  been  developed  as  follows i 

e ■ K E,  Jl.  + h^-i-  2h  oosO  co«  (u/t  tan  ^ h sin  ) 
o o 1 V r I'fh  oos  ^ 

-i^Ei^>h^>2h  oo.(-4-<^)  oo»pt^e^o^+tan"l  1 
* Jl*h^*2h  oos  cosj^-^ -o^-tan”^  h aln(/3  J 

eg  - Kg  E-^fuy^Sh  oos  ocsLt4  28-S«<'*t&i“^  ^ 


2 ^ ■f'/ 

>Kg  Ej^^l+h^+2h  or}%{-2^*lp)  oos|I«t'^2^ 


Uh  oos  I 


“1  h sln(2 

^ ^ 1 h OC8 


An  expression  for  the  relative  blurring  of  the  nulls  has  been  developed  for 
eaoh  typo  of  antenna  oozmeotion  as  follows:  The  blur  for  the  fundamental 


antenna  array  is 
/m : _/l+h"  > 2h  90S 


(Blur), 


l+h*^  + Eh  006  (~A  +( 


fl+h®  + Eh  006  (yS*^)  ♦ y^+h^  + Eh  oos  (-jiS  ♦ys^) 


The  blur  for  the  eeuond  hamonio  antenna  array  is 
{Blur)g 

y 1+h^  + Eh  008  {~20~lp)  + \[l*h^  ♦ Eh  cos  {~20y\p) 

In  plate  the  (Blur)^^  is  assumed  to  bo  i40?l.  The  loci  are  for 
fixed  values  of  h in  terms  of/^  and  ^ , The  (Blur)g  is  assvsaed  to  be  705?, 

The  looi  are  plotted  for  fixed  values  of  h in  terms  of^  andv^. 

The  two  sots  of  looi  are  solvoi  simultaneously  to  give  the  possible 
solutions  indicated  by  the  heavy  solid  lines.  To  reduce  the  number  of  possible 
solutions.  Kj^  is  made  identically  equal  to  Kg  and  the  ratio  of  Og  to  e^^  is  than 
measured.  By  expressions  given  above  it  is  seen  that  the  ratio  becomes 
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I % I « yi»h^  * gh  oca  * yi»h^  » 2h  ooa  (-g^»(/g) 

j •jj  ♦ 2h  008  (-/$“^)  ^ ^ 1+h^  ♦ 2h  oos 

The  loci  for  different  raljee  of  h as  a funotlon  osf^txA 
have  been  plotted  for  an  aaaumed  ratio  of  *g/9j  ■ 0.7«  When  these  loci  are 
solved  simultaneously  with  the  possible  solutions  indicated  above,  only  four 
possible  solutions  remain  (indicated  by  heavy  black  arrows  on  plate  17)«  IT 
now  the  polarity  of  the  fundamental  and  the  second  harmonic  antenna  pattern, 
respectively,  bs  determined,  three  of  the  four  possible  solutions  are  imeea- 
patible,  A unique  solution  is  thus  obtained  which  gives  h,  >?,  and  for 
two  Interfering  signals  of  arbitrary  relative  esplitude,  relative  space  phase, 
relative  time  phase,  respootively.  There  still  remains  the  problem  of  deter- 
mining the  absolute  space  phase  of  the  stronger  signal.  This  is  obtained 
thror;igh  the  medium  of  generalized  bearing  error  curves  which  oan  be  oaloulated. 

From  the  oursory  outline  given  above,  it  is  apparent  that  the 
accurate  determination  of  the  direction  of  arrival  is  made  oonslderably  more 
oomplex  by  the  presence  of  one  or  more  Interfering  signals. 

The  interesting  aspect  of  this  study  is  the  evident  fact  that  there 
is  theoretically  available  from  modified  existing  radio  direction  finders 
enough  information  to  acmplstely  separate  and  identify  the  direotlons  of 
arrival  of  two  interfering  signals. 

The  praotioability  of  this  method  will  be  evaluated  by  means  of  thu 
antenna  pattern  simulator. 


At  the  oompletion  of  these  studies,  a oomprehensive  report  is  to  be 


issued. 
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SMm,  HIGH-QAIN  ARSATS  FOR  DIRECTION  FINDING 
Nicholas  Yaru 

A atvidy  has  been  mode  of  the  apiilloebllity  of  small,  high-gain 
arrays  ("supor-gain**  antennas)  to  tho  direction  finding  problem.  Most  oon- 
Toutional  direction  finding  systems  in  the  modium  and  high-ffequeney  bands 
operate  on  the  null  of  the  antenna  pattern  rather  than  tho  maximum  because 
of  the  broadness  of  the  lobe  obtained  with  ordinary  directive  antonna  systems 
which  are  small  in  wavelength.  A directive  array  which  is  capable  of  pro- 
ducing a narrow  beam  and  which  is  also  small  in  wavelength  would  bo  of  groat 
value  in  direction  finding.  To  determine  how  practical  such  arrays  might 
be,  calculations  were  made  of  the  directivity,  driving-point  liiq>edanoes,  end 
probable  effloienoi.es  of  sovoral  small,  high-gain  arrays,  Tho  results  are 
Indioatod  by  the  typical  examples  shown. 

Plates  16  and  19  show  calculated  radiation  patterns  for  linear 
ond-fire  arrays  having  overall  lengths  of  threo-quartor  wavelength  and  one- 
quarter  wavelength  respectively.  Hate  I9  oonq>ares  a J-element  array  liaving 
1/8  wavelength  spacing  with  a array  having  the  sume  overall  length 

0?  l/li.  wavelength.  Plate  18  shows  tho  patterns  of  arrays  of  i|,  7,  13  25 

elements,  each  array  having  an  over-all  length  of  jA-  wave  length,  Plate  18 
ospeoially  Indioatee  the  theorotioai  possibility  of  obtaining  arbitrarily 
great  directivity  with  orrays  of  given  lengths,  if  the  elements  ore  fed  with 
currents  of  proper  magnitude  and  phase.  The  relative  currents  required  to 
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obtain  the  patterns  of  Plates  18  and  19  are  shown  in  Table  I, 

Tho  driving  point  Impedances,  which  result  for  the  arrays  of  Plata 
19  for  lA  wavelength  olomonts  and  I/6  wavelength  elements,  are  tabulated 
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in  Table  II,  (These  are  for  *rQrtioal  elements  fed  against  ground.) 

Table  I 

Relative  Currerts  in  Endflre  Arrays 


Throe  element  array  of 
antennas  spaced  ^ apart 

Five  element  array  of 
^ antennas  spaced  ^ apart 

Five  element  array  of 
X antennas  spaced  \ apart 
6 1? 

antenna  j 

Ii-l.O  & 

Il-l.O  (o 

Il-l.O  12 

antenna  < 

12-1.051=157.5® 

12-3.9  tl7li.U® 

I2-3.9  Lz  iTii.U® 

antexma  1 

I3-I.0  b3l5® 

I3-5.6  1=3^40.0® 

13=5.0  b 3U0.0® 

antenna  L 

V3.9  /r523.1® 

l|^-3.9  b 523.10 

antenna  1 

i,j-l.o  ^t697.5® 

I5-1.0  L:  697.50 

Table  II 

Driving  Point  jtoqpedttnoes  - Sndflre  Arrays 


Three  element  array  of 
^ antennas  spaced  ^ apart 

Five  element  array  of 
^ antennas  spaced  ^ apart 

f'Ivo  eioment  array  of 
^ antennas  spaced^ apart 

antenna  1 

2i«3.7  +jll.0 

2l-2.75  - 

Zl-  -3.9  - J91.7 

antenna  2 

Z2-U.7  +J20 

Zg-  *75*  jii.U 

Zg-  -,8U  - J106.2 

antenna  3 

Zj— 11.3^j29 

Zj— .lit  > ^6.7 

Zj-  ,16  - ji09.lt 

antenna  I4. 

Zi  «*.62  + 

Z^-  l.U  - J106.3 

antenna  3 

Z^-  2.h  - ^3.6 

Z5-  2.1  - J89.6 

It  is  seen  that  with  the  close  spaoings  and  phaiio  relations  re- 
qtilred  to  obtain  sharp  dirootivl-ty,  the  resistive  components  of  the  driving- 
point  impedanoos  are  reduced  to  extremely  low  values,  being  negative  in  some 
oases.  Using  these  results,  the  thooretloal  array  offioienoles  were  ocmputed. 
Those  array  offioienoles  are  shown  in  Table  III,  and  have  been  obtained  on 
tho  basis  of  assumed  offioienoles  of  90^  and  70%  rospeotively  for  a single 
element  radiating  by  Itself. 
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Table  III 


Endfire  Array  Bfricienolea 


Five  element  array  of 
^ antennas  spaced  ^ apart 

r 

Fivo  element  array  of 
X onteaaos  spaced  apart 

6 10 

Assxxned  effioienoy 

1 

Caloulatod 

Assumed  effioienoy 

Galoulatod 

of  single  antenna 

array  effioienoy 

of  single  antoxma 

orray  effioienoy 

90?{ 

o.aujs 

90?S 

11^ 

10% 

0.22jS 

10% 

3^1% 

It  is  soen  from  this  table  that  the  a.rray  effioienoy  booomos  very 


low  duo  to  •tha  low  values  of  driving-point  resistanoes  (and  hence  lew  effec- 
tive radiation  resistance  of  the  array).  With  closer  spaoings  this  effect 
becomes  even  more  pronounced  and  the  efficiency  becomes  vanishingly  small. 

The  apparent  higher  effioienoy  of  the  l/6  wavelength  antoniULS  over  the  1/1* 
wavelength  antennas  would  bo  unobtainable  in  prootioe  because  the  efficiency 
of  a single  element  would  be  lower  to  start  with. 

Similar  sets  of  oaloulations  mode  for  super-gain  broadside  arrays 
ehow  essentially  the  same  results.  Plate  20  dopiots  the  diroctive  properties 
of  two.  linear,  broadside  arrays  of  five  and  nine  elements  eaoh  having  on 
overall  length  of  l/l*  wavelength.  The  proper^ ies  of  the  Tohobysohoff 
polynomials  vere  applied  to  the  problem  of  determining  the  current  distribu- 
tion in  these  equiepaoed  arroys  which  results  in  high  dia'ootlvity  and  low 
side  lobes  of  the  order  of  26  dooibels  down  on  the  main  lobe.  The  relative 
currents  calculated  to  obtain  the  aforementioned  patterns  are  shown  in 
Table  IV.  These  calculated  values  show  further  the  impraotioaiity  of  small 
aperture  arrays. 
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Table  IV 

gelatlvo  Currenta  In  Broadalde  Arrays 


Five  Elomon^  Array 

nine  Elonent  Array 

antenna  1 

Ij  - 1.0 

1^  - i.c 

antenna  i. 

I2  - -3.8 

M 

TO 

• 

• 

antenna  3 

Ij  - 2,3 

I3  - 27.5 

antenna  I4. 

1]^  - -5.6 

- -5U.6 

antenna  3 

I5  « 1.0 

I5  - 3h,l 

antenna  6 

^6  “ “5U.6 

antenna  7 

Ij  - 27.5 

antenna  6 

Iq  - -7.9 

antenna  9 

I9  ■ 1.0 

It  is  oonoluded  that.,  because  of  the  rapid  rate  with  which  antenna 
effiolenoy  deoreases  as  the  array  dimensions  aro  roduoed,  high-gain  antennas 
of  dimensions  small  in  wavelengths  are  not  practical  for  direction  finding 
systems. 
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STANDING  WAVE  PATTERN  IN  THE  FIELD  OF  TWO  INTERSECTING  RAYS  PLATE 

TfCN.  R^T.  4 


REAR  VIEW  OF  D/F  SYSTEM  ANALYZER 


PLATE  3 

TECH.  RPT.  4 
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PLATE  4 

TECH.  NPT.  4 
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NEAR  SROADSIDE  ARRAY- TCHE3YSCHEFF  PATTERN  PLATE  20 

T*CM.  RPT.  4 


MAXIM 


Because  of  our  limited  supply,  you  are  requested  to  return  this  copy  WHEN  rr  HAS  SERVED 
I YOUR  PURPOSE  so  that  it  may  be  made  available  to  other  requesters.  Your  (looperation 

Vua  o of oH 


I 


! 


I 

I 


i 


I 

I 

1 


k 


y-, 


V'l 

m 

M 


m 


I 


I NOTICE:  WTIEN  GOVERNMENT  OR  OTHER  DRAWINGS.  SPECIFICATIONS  OR  OTHER  DATA 
! ARE  USED  FOR  ANY  PURPOSE  OTHER  THAN  IN  CONNECTION  WTIH  A DEFINItlLY  RELATED 
GOVERNMENT  PROCUREMENT  OPERATION,  THE  U.  S.  GOVERNMENT  THERE^*Y  INCURS 
NO  RESPONSIBILrrY,  NOR  ANY  OBLIGATION  WHATSOEVER;  AND  THE  FACT  THAT  THE 
GOVERNMENT  MAY  HAVE  FORMULATED,  FURNISHED,  OR  IN  *\NY  WAY  SUPPi-IED  THE 
SAID  DRAWINGS,  SPECIFICATIONS,  OR  OTHER  DATA  IS  NOT  TO  BE  REGARDED  BY 
IMPLICATION  OR  OTHERWISE  IN  ANY  MANNER  UCENSINCt  THE  HOU)ER  OR  ANT  OTHER 
PERSON  OR  CORPORATION,  OH  CONVEYING  ANY  RIGHTS  OR  PERMISSION  TO  WLANUFACTURE, 
USE  OR  SELL  ANY  PATENTED  INVENTION  THAT*MAY  IN  ANY  WAY  BE  RELATED  THERETO. 
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